INTRODUCTION {#s1}
============

Epidemiologic studies have indicated that schistosomiasis remains the second most common tropical disease with the high impact on human health due to blood flukes of the genus schistosoma. Over 249 million individuals in 73 countries around the world are infected with different types of schistosoma, and nearly 800 million people are under the threat of such infection \[[@R1]--[@R4]\]. Although various aetiological factors may lead to chronic liver injuries toward hepatic fibrosis or even cirrhosis such as drug abuses, alcoholism, hepatitis B and C viral infection, *Schistosoma J.* infection is one of the most common causes for hepatic fibrosis in some countries \[[@R5], [@R6]\]. It is well known that *Schistosoma J.* infection is characterized by pronounced immunological and inflammatory reactions against eggs deposited into liver or intestines, which eventually induce liver fibrosis, namely, schistosomiasis-associated liver fibrosis (SSLF) \[[@R7]\]. Some reports revealed that the treatment of efficacious schistosomicides cannot prevent the development of egg granuloma inflammation and hepatic fibrosis \[[@R7]--[@R9]\], which may be due to sustained pathological process like chronic inflammation. To date, the precise mechanisms that mediate this perpetual activation of inflammation around egg granulomas in the liver during *Schistosoma J.* infection remain poorly understood.

Recently, a new concept is emerging that the inflammasome, an intracellular inflammatory machinery, can switch on the inflammatory response of tissues to a variety of stimuli \[[@R10]--[@R12]\]. The nucleotide oligomerization domain (Nod)-like receptor family pyrin domain containing 3 (NLRP3) inflammasome is the most extensively investigated inflammasomes identified so far, and activation of the NLRP3 inflammasome may occur in response to a wide range of structurally dissimilar agonists, including pathogens, pore-forming toxins, environmental irritants, and endogenous damage-associated molecular patterns (DAMPs) \[[@R13], [@R14]\]. The NLRP3 inflammasome is formed into a large cytosolic multiprotein complex that typically consists of a sensor protein, NLRP3, the adaptor protein apoptosis-associated speck-like protein (ASC), and the pro-inflammatory caspase-1 \[[@R15], [@R16]\]. Upon stimulations, NLRP3 inflammasome components are assembled leading to the autocatalysis and activation of caspase-1, which is responsible for the maturation of pro-inflammatory cytokines, such as bioactive interleukin-1β (IL-1β) and interleukin-18 (IL-18) \[[@R10], [@R17]--[@R19]\]. Some studies reported that excessive production of IL-1β is involved in various systemic inflammatory diseases \[[@R20]--[@R22]\]. In the liver, the NLRP3 inflammasome was shown to mediate ischemia-reperfusion injury, and gene silencing of mouse *Nlrp3*gene protected the liver against ischemia-reperfusion injury through reduced IL-1βand IL-18 production and decreased inflammatory cell infiltration \[[@R23]\]. In addition, recent studies have indicated that besides inflammation instigation and inflammatory cell infiltration the activation of NLRP3 inflammasomes in fibroblasts including HSCs may result in the upregulation of transcription factors like transforming growth factor-β1 (TGF-β1), thereby causing myofibroblast-like differentiation and proliferation \[[@R24]\]. Moreover, there are reports that IL-1β contributes to localized inflammation in response to parasitic, bacterial or viral infections, which may be a critical mechanism for fibrogenesis with large increases in production of extracellular matrix (ECM) such as collagens \[[@R25]--[@R27]\]. These findings led us to wonder whether activation of the NLRP3 inflammasome in hepatic stellate cells (HSCs) triggers local inflammation in egg deposited area in liver and thereby switches on fibrogenic process leading to hepatic cirrhosis during *Schistosoma J.* infection.

The present study was designed to first determine whether *Schistosoma J.* infection *in vivo* or soluble egg antigen (SEA) stimulation *in vitro* can activate the NLRP3 inflammasome in HSCs. Then, we explored the molecular mechanisms mediating NLRP3 inflammasome activation upon SEA stimulation by three possible common pathways involved in inflammasomes activation, including lysosomal dysfunction and consequent cathepsin B release, the effects of reactive oxygen species (ROS) and potassium channel activation-associated K efflux. Our results demonstrated that NLRP3 inflammasomes serve as an intracellular inflammatory machinery in HSCs, which may turn on the inflammatory response and thereby instigate liver fibrosis during *Schistosoma J.* infection.

RESULTS {#s2}
=======

Mouse model of schistosomiasis-associated liver fibrosis (SSLF) {#s2_1}
---------------------------------------------------------------

After 6 weeks of infection with *Schistosoma J.* cercariae, the mice had marked collagen deposition, fibrosis and inflammatory cells infiltration in the liver at the periphery of the eosinophilic granuloma, while *Schistosoma J.* eggs remained in the hepatic portal vein. These typical characteristics of SSLF were not observed in the livers of control mice (Figure [1A](#F1){ref-type="fig"} and [1B](#F1){ref-type="fig"}). These results confirmed a successful establishment of the SSLF model in *Schistosoma J.*-infected mice. By quantification of the area percentage positive for collagen staining in the liver, it was found that there were significantly more collagen depositions in the liver from *Schistosoma J.*-infected mice compared to that from control mice. Furthermore, these *Schistosoma J.*-induced increases in collagen deposition were markedly reduced when mice received a potent selective caspase-1 inhibitor, YVAD. Immunohistochemical studies demonstrated that no IL-1β staining was detected around the hepatic portal vein in the portal area from control mice (Figure [1C](#F1){ref-type="fig"}). However, the mice infected for 6 weeks with *Schistosoma J.* cercariae had a marked increase in IL-1β level around the *Schistosoma J.* eggs in the portal area. Such *Schistosoma J.* infection-induced IL-1β expression was also markedly reduced in mice pretreated with YVAD. Confocal microscopy showed increased co-localization of IL-1β with HSCs marker desmin around the *Schistosoma J.* eggs in the portal area (Figure [1D](#F1){ref-type="fig"}), which was attenuated in mice receiving YVAD.

![Pathological changes and IL-1β expression in livers from mice infected with *Schistosoma J.* for 6 weeks\
**A.** Representative images of Masson stain and quantitative analysis of positive stain of collagen fiber in portal area (*n* = 5). **B.** Representative images of HE stain (*n* = 4). **C.** Representative Immunohistochemical (IHC) images and quantitative analysis of positive stain of IL-1β in portal area (*n* = 5). **D.** Representative confocal fluorescence images show the co-localization of IL-1β with desmin and summarized data show co-localization coefficiency of IL-1β with desmin (*n* = 5). Ctrl, control; YVAD, caspase-1 inhibitor; Ctrl: Liver tissues from normal mice with minor fiber deposition around the vein; Infected: Infected mice showing the formation of liver fibrosis; YVAD + Infected: Infected mice treated with caspase-1 inhibitor YVAD (i.p. 1mg/kg/day). Data are expressed as means ± SEM. \**p* \< 0.05 *versus* control group; \#*p* \< 0.05 *versus* infected group.](oncotarget-07-39316-g001){#F1}

SEA-induced the NLRP3 inflammasome formation and increased caspase-1 activity and IL-1β production in hepatic stellate cells (HSCs) {#s2_2}
-----------------------------------------------------------------------------------------------------------------------------------

With the use of cultured mouse HSCs, we first characterized the formation of NLRP3 inflammasomes by confocal microscopy. As shown in Figure [2A](#F2){ref-type="fig"}, the co-localization of NLRP3 with ASC or caspase-1 increased upon SEA stimulation at different time points (12, 24 and 48 hours), indicating the aggregation or assembly of these inflammasome molecules. The Pearson correlation coefficient of NLRP3 with ASC or caspase-1 was summarized to represent the co-localization efficiency (Figure [2B](#F2){ref-type="fig"}). Such co-localization of NLRP3 molecules suggests the formation of NLRP3 inflammasomes in HSCs when they were exposed to SEA stimulation. The maximum co-localization level was observed after 24-hour treatment of SEA in HSCs, therefore, this duration and dose of SEA treatment were used in the rest of experiments, if not otherwise mentioned. We also found that SEA significantly increased the level of active or cleaved caspase-1, indicating the activation of NLRP3 inflammasome because increased cleavage of pro-caspase-1 into bioactive caspase-1 is one of the important functions of activated NLRP3 inflammasomes (Figure [2C](#F2){ref-type="fig"} and [2D](#F2){ref-type="fig"}). However, SEA did not have effects on pro-caspase-1 level despite its consumption during inflammasome activation, which may be related to its large content or up-regulation for protein synthesis. Consistently, biochemical analysis showed that SEA significantly increased caspase-1 activity (Figure [2E](#F2){ref-type="fig"}) and IL-1β release (Figure [2F](#F2){ref-type="fig"}) in HSCs.

![SEA induced the formation and activation of NLRP3 inflammasome in HSCs at different time points\
**A.** Representative confocal fluorescence images show the co-localization of NLRP3 with ASC or caspase-1. **B.** Summarized data show co-localization coefficiency of NLRP3 with ASC or caspase-1 (*n* = 5). **C.** and **D.** Representative Western blot documents and summarized data show the effects of SEA (50 μg/ml for 24h) on the expression of pro-caspase-1, cleaved caspase-1 and β-actin in HSCs (*n* = 6). **E.** and **F.** Data summary shows relative caspase-1 activity (n = 6) and IL-1β production compared with control (*n* = 6). SEA, soluble egg antigen from *Schistosoma J.*; HSCs, hepatic stellate cells; Pro-casp1, pro-caspase-1; Cle-casp1, cleaved caspase-1. Data are expressed as means ± SEM. \**p* \< 0.05 *versus* untreated control group.](oncotarget-07-39316-g002){#F2}

Effects of mouse *Nlrp3* gene silencing on SEA-induced NLRP3 inflammasome activation {#s2_3}
------------------------------------------------------------------------------------

Knockdown of mouse *Nlrp3* mRNA level by *Nlrp3* shRNA in HSCs markedly inhibited SEA-induced co-localization of NLRP3 with ASC or caspase-1 (Figure [3A](#F3){ref-type="fig"} and [3B](#F3){ref-type="fig"}) and attenuated SEA-increased level of cleaved caspase-1 (Figure [3C](#F3){ref-type="fig"} and [3D](#F3){ref-type="fig"}). Consistent with these findings, *Nlrp3* gene silencing almost completely blocked SEA-induced caspase-1 activity (Figure [3E](#F3){ref-type="fig"}) and IL-1β production in HSCs (Figure [3F](#F3){ref-type="fig"}).

![*Nlrp3* gene silencing inhibited SEA-induced NLRP3 inflammasome activation in HSCs\
**A.** Representative confocal fluorescence images show the co-localization of NLRP3 with ASC or caspase-1. **B.** Summarized data show co-localization coefficiency of NLRP3 with ASC or caspase-1 (*n* = 5). **C.** and **D.** Representative Western blot documents and summarized data (*n* = 5). **E.** and **F.** Data summary shows relative caspase-1 activity (*n* = 5) and IL-1β production compared with control (*n* = 5). Scram, scrambled shRNA; *shNlrp3*, *Nlrp3* shRNA. Data are expressed as means ± SEM. \**p* \< 0.05 *versus* scrambled control group; \#*p* \< 0.05 *versus* scramble + SEA group.](oncotarget-07-39316-g003){#F3}

Effects of caspase-1 inhibition on SEA-induced NLRP3 inflammasome activation {#s2_4}
----------------------------------------------------------------------------

We also tested the effect of caspase-1 inhibition on SEA-induced caspase-1 activation and IL-1β production *via* NLRP3 inflammasomes. It was found that blockade of caspase-1 activity by YVAD almost completely abolished SEA-induced increases in cleaved caspase-1 level as shown by Western blot analysis (Figure [4A](#F4){ref-type="fig"} and [4B](#F4){ref-type="fig"}) and substantially suppressed SEA-enhanced caspase-1 activity and IL-1β production in HSCs (Figure [4C](#F4){ref-type="fig"} and [4D](#F4){ref-type="fig"}). This caspase-1 inhibition did not have effect on the formation of NLRP3 inflammasomes because of its effect only on active caspase-1, downstream of inflammasome assembling.

![Caspase-1 inhibitor YVAD abolished SEA-induced caspase-1 activation and IL-1β production in HSCs\
HSCs were stimulated without or with SEA in the presence of PBS (Vehl: vehicle), caspase-1 inhibitor Ac-YVAD-CMK (YVAD, 10 μg/ml, Cayman Chemical). **A.** and **B.** Representative Western blot documents and summarized data (*n* = 6). **C.** and **D.** Data summary shows relative caspase-1 activity (*n* = 7) and IL-1β production compared with control (*n* = 5). Vehl: vehicle; YVAD, caspase-1 inhibitor. Data are expressed as means ± SEM. \**p* \< 0.05 *versus* untreated control group; \#*p* \< 0.05 *versus* SEA group.](oncotarget-07-39316-g004){#F4}

Mechanisms by which NLRP3 inflammasomes are activated by soluble egg antigen (SEA) {#s2_5}
----------------------------------------------------------------------------------

We further examined how SEA stimulates activation of NLRP3 inflammasomes in HSCs using inhibitors of 3 common pathways activating this inflammasome. It was found that inhibition of both cathepsin B activity and ROS release in HSCs markedly attenuated SEA-induced co-localization of NLRP3 with ASC or caspase-1 (Figure [5A](#F5){ref-type="fig"} and [5B](#F5){ref-type="fig"}). Consistently, inhibition of cathepsin B activity and scavenging of ROS release by using cathepsin B inhibitor, Ca-074Me and N-acetyl-L-cysteine(NAC) almost completely blocked SEA-induced increases in cleaved caspase-1 level, caspase-1 activity and IL-1β production in HSCs (Figure [5C-5F](#F5){ref-type="fig"}). In contrast, Glibenclamide (Glib), a K channel blocker had no significant effect on SEA-induced NLRP3 inflammasome formation and activation. In additional experiments, we tested whether inhibition of NADPH oxidase attenuates SEA-induced caspase-1 activation and IL-1β production in HSCs. It was found that inhibition of NADPH oxidase by gp91ds-tat significantly attenuated the SEA-induced increases in cleaved caspase-1 levels and IL-1β production in HSCs, implicating a role for NADPH oxidase in inflammasome activation ([Supplemental Figure 1](#SD1){ref-type="supplementary-material"}).

![Effects of cathepsin B inhibition, potassium channel blockade or ROS scavenging on SEA-induced formation and activation of NLRP3 inflammasomes in HSCs\
HSCs were stimulated without or with SEA in the presence of PBS (Vehl: vehicle), cathepsin B inhibitor Ca-074Me (5 μM, Sigma), potassium channel blocker glibenclamide (Glib, 10 μm, Sigma) or ROS scavenger N-acetyl-L-cysteine (NAC, 10 μM, Sigma). **A.** Representative confocal fluorescence images show the colocalization of NLRP3 with ASC orcaspase-1. **B.** Summarized data show colocalization coefficiency of NLRP3 with ASC or caspase-1 (*n* = 5). **C.** and **D.** Representative Western blot documents and summarized data (*n* = 6). **E.** and **F.** Data summary shows relative caspase-1 activity (*n* = 6) and IL-1β production (*n* = 5). Vehl: vehicle; Ca-074Me, cathepsin B inhibitor; Glib, potassium channel blocker glibenclamide; NAC, ROS scavenger N-acetyl-L-cysteine. Data are expressed as means ± SEM. \**p* \< 0.05 *versus* untreated control group; \#*p* \< 0.05 *versus* SEA group.](oncotarget-07-39316-g005){#F5}

Effects of cathepsin B gene silencing on SEA-induced NLRP3 inflammasome activation in HSCs {#s2_6}
------------------------------------------------------------------------------------------

Since our previous studies have shown that SEA may increase NADPH oxidase activity and enhanced production of ROS from activated NADPH oxidase activate inflammasomes \[[@R4], [@R28]\], the present study focused on how SEA acts through altered lysosome permeability and cathepsin B activity. We demonstrated that silencing of cathepsin B gene markedly inhibited SEA-induced co-localization of NLRP3 with ASC or caspase-1 (Figure [6A](#F6){ref-type="fig"} and [6B](#F6){ref-type="fig"}) and reduced SEA-enhanced cleavage of pro-caspase-1 (Figure [6C](#F6){ref-type="fig"} and [6D](#F6){ref-type="fig"}), caspase-1 activity (Figure [6E](#F6){ref-type="fig"}) and production of IL-1β (Figure [6F](#F6){ref-type="fig"}). These results further confirmed that cathepsin B is indeed involved in SEA-induced NLRP3 inflammasome formation and activation in HSCs.

![Cathepsin B gene silencing inhibited SEA-induced NLRP3 inflammasome activation in HSCs\
**A.** Representative confocal fluorescence images show the co-localization of NLRP3 with ASC or caspase-1. **B.** Summarized data show co-localization coefficiency of NLRP3 with ASC or caspase-1 (*n* = 5). **C.** and **D.** Representative Western blot documents and summarized data (*n* = 6). **E.** and **F.** Data summary shows relative caspase-1 activity (*n* = 6) and IL-1β production compared with control (*n* = 5). Scram, scrambled siRNA; CathsiRNA, Cathepsin B siRNA. Data are expressed as means ± SEM. \**p* \< 0.05 *versus* scrambled control group; \#*p* \< 0.05 *versus* scramble + SEA group.](oncotarget-07-39316-g006){#F6}

SEA increased lysosome membrane permeability leading to enhanced cathepsin B release and activity in HSCs {#s2_7}
---------------------------------------------------------------------------------------------------------

In these experiments, living HSCs were stained with lysomotropic agent, acridine orange, which accumulates in acidic organelles such as lysosome with red fluorescence, but shows green fluorescence in a neutral environment such as nucleus or cytoplasm. This fluorescence changes can be used to directly observe changes in the lysosome membrane permeability. Lysosomal alkalization induced by lysosome membrane permeability leads to decreased red fluorescence from acridine orange. In control HSCs, lysosomes were visualized as red puncta with high fluorescence intensity. However, SEA stimulation resulted in decreased fluorescence intensity of red puncta (Figure [7A](#F7){ref-type="fig"}). Similarly, these HSCs were stained with a fluorescent cathepsin B substrate z-Arg-Arg-cresyl violet for cathepsin B activity, and with hoechst staining for the cell nuclei. Silencing cathepsin B genes decreased fluorescence intensity of cathepsin B substrate in lysosomes, and SEA stimulation lead to decrease in fluorescence intensity of cathepsin B substrate in these lysosomes (Figure [7A](#F7){ref-type="fig"}), which is an indicative for the leakage of cathepsin B into cytoplasm. Silencing cathepsin B genes or cathepsin B inhibitor Ca-074Me also reduce cathepsin B activity, while SEA stimulation enhanced cathepsin B activity in control HSCs, but in HSCs treated with cathepsin B siRNAs or cathepsin B inhibitor Ca-074Me (Figure [7B](#F7){ref-type="fig"} and [7C](#F7){ref-type="fig"}).

![SEA stimulation increased lysosome membrane permeability, subsequent cathepsin B release and activity in HSCs\
**A.** Representative fluorescence images show the fluorescence intensity of lysosome and cathepsin B (*n* = 5). **B.** and **C.** Data summary shows relative cathepsin B activity compared with control (*n* = 5). Scram, scrambled siRNA; CathsiRNA, Cathepsin B siRNA; Ca-074Me, cathepsin B inhibitor (5 μM, Sigma). Data are expressed as means ± SEM. \**p* \< 0.05 *versus* scrambled control group or untreated control group; \#*p* \< 0.05 *versus* scramble + SEA group or SEA group.](oncotarget-07-39316-g007){#F7}

Effects of lysosome membrane stabilizer on SEA-induced NLRP3 inflammasome activation {#s2_8}
------------------------------------------------------------------------------------

We also tested the effect of lysosome membrane stabilizer on SEA-induced caspase-1 activation and IL-1β production *via* NLRP3 inflammasomes. It was found that lysosome membrane stabilizer dexamethasone (Dex) or chloroquine (CQ) significantly abolished the SEA-induced increases in cleaved caspase-1 levels and IL-1β production in HSCs (Figure [8](#F8){ref-type="fig"}).

![Lysosome membrane stabilizer abolished the SEA-induced caspase-1 activation and IL-1β production in HSCs\
HSCs were stimulated with or without SEA in the presence of PBS (Vehl: vehicle), lysosome membrane stabilizer dexamethasone (Dex, 100 μm, Sigma) or chloroquine (CQ, 20 μm, Sigma). **A.** and **B.**, **D.** and **E.** Representative Western blot documents and summarized data (*n* = 5). **C.** and **F.** Data summary shows IL-1β production (*n* = 4). Vehl: vehicle; DEX: Dexamethasone, CQ: Chloroquine. Data are expressed as means ± SEM. \**p* \< 0.05 versus untreated control group; \#*p* \< 0.05 *versus* SEA group.](oncotarget-07-39316-g008){#F8}

DISCUSSION {#s3}
==========

In the present study, we demonstrated that *Schistosoma J.* infection or soluble egg antigens (SEA) from *Schistosoma J.* eggs induced the formation and activation of NLRP3 inflammasomes in hepatic stellate cells (HSCs) in both *in vitro* and *in viv*o. In the mice infected for 6 weeks with *Schistosoma J.* cercariae, confocal microscopy studies showed increased co-localization of IL-1β with HSCs marker desmin around the *Schistosoma J.* eggs in the portal area, which can be inhibited by caspase-1 inhibitor YVAD. This NLRP3 inflammasome activation in HSCs upon SEA is associated with both redox regulation and lysosomal dysfunction-related increases in cathepsin B release and activity.

To determine whether NLRP3 inflammasome activation occurs in HSCs from the liver of mice infected with *Schistosoma J*. and whether this inflammasome activation is implicated in the development of schistosomiasis-associated liver fibrosis (SSLF), we first produced a SSLF mouse model with *Schistosoma J*. cercariae. It was found that the IL-1β level and collagen deposition were markedly increased at the periphery of the eosinophilic granuloma with *Schistosoma J.* eggs in the liver of mice infected with cercariae. In mice receiving YVAD, a caspase-1 inhibitor, the fibrogenic pathology and the increases in IL-1β level were substantially attenuated. These results suggest that during *Schistosoma J.* infection inflammasome activation is accompanied with fibrogenic changes in the liver, which provides the first evidence that the development of SSLF may be associated with caspase-1 activation *via* inflammasome. In previous studies, IL-1β was found to contribute to local inflammation in response to parasitic, bacterial or viral infections \[[@R25]--[@R27]\], and the inflammasome was reported to be involved in the complex signaling pathway driving fibrosis under different pathological conditions, and the role of inflammasomes has been related to their inflammatory or non-inflammatory effects \[[@R24]\]. In this regard, there are some reports that the formation and activation of NLRP3 inflammasomes in fibroblasts including HSCs may produce IL-1β or IL-18, resulting in the upregulation of transforming growth factor-β1 (TGF-β1) and collagens and also causing myofibroblast differentiation into active fibroblast to trigger or promote fibrogenesis \[[@R24]\]. In mice lacking NLRP3 or ASC, the development of liver fibrosis induced by CCl4 and TAA was significantly impaired and MSU-induced upregulation of collagen I and TGF-βcould not be observed in ASC^−/−^ HSCs \[[@R29]\]. These results support the view that NLRP3 inflammasome activation in HSCs contributes to the onset or development of local inflammation and fibrosis in the liver during *Schistosoma J.* infection.

To determine whether the formation and activation of NLRP3 inflammasomes in HSCs are due to stimulation of *Schistosoma J*. eggs as main pathogenic factor of local inflammation in the liver and to explore related molecular mechanisms mediating NLRP3 inflammasome activation, we performed a series of experiments in primary cultures of HSCs. It was found that exposure of HSCs to SEA even at 24 hours led to remarkable formation and activation of NLRP3 inflammasomes, as shown by aggregation of NLRP3 with ASC orcaspase-1 and increases in caspase-1 activity and IL-1β release from HSCs. When HSCs were pretreated with caspase-1 inhibitor, YVAD or with mouse *Nlrp3* shRNA, the activation of NLRP3 inflammasomes was almost completely blocked. Based on these results, it is clear that the NLRP3 inflammasomes are present and functioning in HSCs and that SEA is a potent stimulus for their activation. Increased production of IL-1β and other cytokines or chemokines during this inflammasome activation may induce local inflammation and ultimately lead to SSLF. There is substantial evidence that during *Schistosoma J.*infection it is their eggs that stimulate local inflammation in the liver and that such local liver inflammation is importantly implicated in the development of consequent hepatic cirrhosis \[[@R30], [@R31]\]. However, the molecular mechanisms that turn on the local liver inflammation and fibrogenesis remains poorly understood. The results from the present study indicate that the NLRP3 inflammasome as an intracellular inflammatory machinery in HSCs can be activated by *Schistosoma J.* eggs or its extracts to trigger the local inflammatory response and ultimately induce liver fibrogenesis.

This present study further explored the mechanisms by which SEA stimulate HSCs to activate NLRP3 inflammasomes. Since there are three major mechanisms or pathways reported to activate NLRP3 inflammasomes upon different pathogen associated molecular patterns and damage associated molecular patterns, namely, increased generation of reactive oxygen species, enhanced lysosome membrane permeability and elevated K^+^ efflux \[[@R28], [@R32]--[@R35]\], we first tested which of these pathways are involved in SEA-induced NLRP3 inflammasome activation. Using blockers or inhibitors of individual pathway, we found that SEA-induced NLRP3 inflammasome formation and activation in HSCs were significantly attenuated or abolished by ROS scavenger, N-acetyl-L-cysteine (NAC) and cathepsin B inhibitor, Ca-074Me, but not by potassium channel blocker, glibenclamide (Glib). These results suggest that SEA as *Schistosoma J.* egg extracts is able to activate NLRP3 inflammasomes in HSCs at least *via* two main reported pathways involving increased ROS and frustrated lysosomes and enhanced cathepsin B activity \[[@R28], [@R32]\]. In regard to the role of ROS in activation of NLRP3 inflammasomes, there are increasing evidence that ROS act on its target molecules TXNIP leading to a dissociation of thioredoxin and thereby increasing NLRP3 binding to ASC. This results in a rapid assembling of NLRP3 inflammasome activating caspase-1 to produce IL-1β and other pathogenic factors to trigger inflammatory response \[[@R36]--[@R41]\] or directly promote fibrogenesis in some types of cells such as HSCs. In a recent study, we have demonstrated that *Schistosoma J.* infection or SEA activated NADPH oxidase (NOX) to produce O~2~^.−^ and inhibition NOX activity or silencing NOX subunit gene blocked SEA-induced O~2~^.−^ production and prevented liver fibrosis and related fibrogenic changes in HSCs \[[@R4]\]. Taken together, these results establish a new working model to induce SSLF, where *Schistosoma J.* infection or SEA activate NOX in HSCs to produce ROS and thereby activate NLRP3 inflammasomes, leading to caspase-1 activation and consequent production of different factors that instigate the local inflammatory response or induce fibrogenic changes in the liver. This NOX-derived O~2~^.−^ may serve as a kindling ROS to activate inflammasomes, which may further lead to the bonfire production of ROS due to inflammatory response including immune cells infiltration and respiratory burst. It is clear that the activation of inflammasomes is a critical step for chronic injurious action of *Schistosoma J.* infection.

We performed more experiments to further confirm the role of increased lysosome membrane permeability and cathepsin B activation. It was demonstrated that SEA stimulation increased lysosomal permeabilization and thereby led to release of cathepsin B from these frustrated lysosomes in HSCs. This released cathepsin B was activated in the cytoplasma, which is thought to activate NLRP3 inflammasomes through an undescribed mechanism. These results represent the first experimental evidence that SEA may make lysosomes of HSCs frustrated and thereby release and activate NLRP3 inflammasomes. In other cell types, however, some pathological stimulates such as lysosome dysfunction resulting in NLRP3 inflammasome activation \[[@R42]--[@R46]\]. Our recent studies have demonstrated that a bacterial wall extract, LCWE also stimulate NLRP3 inflammasome by increases in lysosome membrane permeability and cathepsin B activation in endothelial cells, which may be a fundamental mechanism triggering coronary arteritis \[[@R32]\]. It is believed that the frustrated lysosome and associated cathepsin B release and activation are one of the important mechanisms mediating NLRP3 inflammasome activation during bacterial and parasite infections.

In summary, the present study showed that the formation and activation of NLRP3 inflammasomes occurred in HSCs during *Schistosoma J.* infection or upon stimulation of SEA from *Schistosoma J.* eggs. The activation of NLRP3 inflammasomes is mechanistically implicated in the development of local inflammation and fibrogenesis in the liver. SEA was found to increase ROS, which may be a mechanism mediating this inflammasome activation, and it may also make lysosome of HSCs frustrated to release and activate cathepsin B, resulting in the NLRP3 inflammasome activation. Our results suggest that the activation of NLRP3 inflammasomes in HSCs may be a critical early mechanism developing local inflammation and fibrosis in liver during *Schistosoma J.* infection. In perspective, targeting the inflammasome activation and associated molecular mechanisms may be a novel therapeutic strategy for prevent and treatment of hepatic cirrhosis during and after *Schistosoma J.* infection.

MATERIALS AND METHODS {#s4}
=====================

Animals and reagents {#s4_1}
--------------------

BALB/C mice (6 weeks of age, male) were obtained from a Schistosomiasis Control Station in Hubei province, China. *Schistosoma J.* egg antigen \[SEA, 0.01 g/ml in phosphate-buffered saline (PBS)\] is a gift from the Hubei Schistosomiasis Control Station. SEA was diluted to the working concentration in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 2% fetal bovine serum (FBS) before use.

Animal model development {#s4_2}
------------------------

The schistosomiasis-associated liver fibrosis (SSLF) model was established by abdominal infection with *Schistosoma J.* cercariae according to the protocols described in previous studies \[[@R47], [@R48]\]. In brief, mice in the model group were percutaneously infected with *Schistosoma J*. cercariae by placing a glass slide carrying 20 ±2 of them (in non-chlorinated water) on the abdomen of each mouse for 15 min. In another group, mice were injected with YVAD (i.p. 1 mg/kg/day), a caspase-1 inhibitor prior to *Schistosoma J*. infection for 1 week and after such infection for 6 weeks. Control group mice were treated with non-chlorinated water containing no cercariae. All mice were maintained for 6 weeks under pathogen-free conditions with free access to food and water. At the end point, these mice were sacrificed, and liver tissues were harvested for morphological examinations, confocal and other analyses. All animal experiments were performed according to the Guide for the Care and Use of Laboratory Animals of the Chinese Council on Animal Care.

Hepatic stellate cells (HSCs) isolation and culture {#s4_3}
---------------------------------------------------

Mouse HSCs were prepared by the discontinuous density gradient centrifugation technique as previously described \[[@R47]\] and some minor modifications were made to increase success rate as we described previously \[[@R4], [@R31]\]. The collected cells were cultured in DMEM (Gibco, Carlsbad, CA) containing 10% FBS (Gibco) in humidified 95% air and 5% CO2 mixture at 37°C. The cell viability, as measured by a Trypan Blue exclusion assay, was approximately 90%.HSCs were treated with SEA (50 μg/ml) for indicated hours. HSCs were characterized and confirmed as previously described \[[@R4], [@R31]\]. Because the optimum response of inflammasome activation was observed after 24-hour SEA stimulation, the same treatment was used in all experiments of the current study, if not otherwise mentioned. To inhibit caspase-1 activity in HSCs, the prior treatment with Ac-YVAD-CMK (YVAD, 10 μg/ml, Cayman Chemical) for 30 min was performed. Similarly, before SEA stimulation in HSCs, the prior treatment with cathepsin B inhibitor Ca-074Me (5 μM, Sigma), potassium channel blocker glibenclamide (Glib, 10 μM, Sigma) or ROS scavenger N-acetyl-L-cysteine (NAC, 10 μM, Sigma) for 30 min was conducted.

Masson staining {#s4_4}
---------------

Masson staining is a commonly used methods to observe collagen fiber deposition, which was performed according to the previous study \[[@R49]\]. After staining, 5 different fields under microscope with 200x magnifications were randomly selected from each tissue slides for analysis, and the data were presented by the area percentage of positive staining with blue color, from quantitation using Image Pro Plus 6.0 software (Media Cybernetics Inc, United States). In addition, HE staining was performed to analyze the liver structure according to the protocol described previously \[[@R50]\].

Immunohistochemistry {#s4_5}
--------------------

Liver tissues were fixed in 4% (v/v) paraformaldehyde (PFA) in PBS and embedded with paraffin, which were then sliced into tissue sections (4 μM) and mounted on glass slides. These tissue slides were stained with goat anti-IL-1β antibody (1:100, R&D Systems) overnight at 4°C after a 20 min wash with 3% H~2~O~2~ and 30 min blocking with 10% serum and then probed with anti-goat Ig-G second antibody labeled with HRP according to the protocols described previously \[[@R32], [@R40]\]. Negative controls were prepared without the primary antibodies. The area percentage of the positive staining were calculated in Image Pro Plus 6.0 software.

Immunofluorescence microscopy {#s4_6}
-----------------------------

To confirmNLRP3 inflammasome formation in HSCs in mouse liver tissue, frozen tissue slides were stained with goat anti-IL-1β antibody (1:100, R&D Systems) and rabbit anti-desmin antibody (1:100, Thermo Fisher) overnight at 4°C after a 30 min blocking with 10% serum and then probed with Alexa 488- or Alexa-555-labeled secondary antibodies (1:500, Invitrogen). Similarly, cells were incubated with goat anti-NLRP3 antibody (1:200, Abcam), rabbit anti-ASC antibody (1:200, Santa Cruz), or rabbit anti-caspase-1 antibody (1:200, Santa Cruz) as we described previously \[[@R40], [@R51]\]. Co-localization of IL-1β *vs*. desmin, NLRP3 *vs*. ASC or caspase-1 was calculated in Image Pro Plus 6.0 software, and the co-localization coefficient was calculated as the Pearson\'s correlation coefficient.

Western blot analysis {#s4_7}
---------------------

Proteins from cell lysates were denatured with SDS buffer and boiled for 5 minutes. Samples were run on a SDS-PAGE gel, transferred onto polyvinylidene difluoride (PVDF) membrane, and blocked with 5% milk. Membranes were probed with the following primary antibodies overnight at 4°C: rabbit anti-caspase-1 (1:400, Santa Cruz) and rabbit anti-β-actin (1:5000, Santa Cruz). Then, they were incubated with goat anti-rabbit-HRP IgG (1:5000, Santa Cruz) for 1 hour at room temperature. Bands were detected by chemiluminescence techniques after washing three times and visualized on Kodak Omat X-ray film. The intensity of the specific bands was calculated using ImageJ software version 1.44p.

Assay of Caspase-1 activity and quantitation of IL-1β level {#s4_8}
-----------------------------------------------------------

Control and SEA-treated HSCs were washed twice with PBS, scraped in lysis buffer to extract proteins and measure caspase-1 activity according to manufacturer\'s instructions of a commercially available caspase-1 activity assay kit (Biovision). Cell supernatant was harvested and IL-1β level was measured by using a mouse IL-1β ELISA kit (R&D Systems) according to the manufacturer\'s instructions.

Nucleofection {#s4_9}
-------------

Transfection of shRNA plasmids was performed according to the protocol of nucleofection as we described previously \[[@R32]\]. After nucleofection, HSCs were cultured in DMEM that contained 10% FBS for 24 hour, and then treated with SEA (50 μg/ml) or vehicle without SEA for corresponding experiments.

RNA interference of cathepsin B gene {#s4_10}
------------------------------------

Cathepsin B small interference RNAs (siRNAs) were commercially available (Santa Cruz), and the scrambled RNA has been confirmed as nonsilencing double-stranded RNA and was used as a control in this present study. SiRNA transfection was performed with the siLentFect Lipid Reagent (Bio-Rad, USA) according to the protocol described by the manufacturer.

Analysis of lysosome membrane permeability and cathepsin B leakage detection {#s4_11}
----------------------------------------------------------------------------

Hepatic stellate cells (HSCs) were cultured in eight-well chamber slides and treated without or with soluble egg antigen (SEA). After SEA treatment for 24h, cells were measured lysosome membrane permeability and cathepsin B in HSCs by using a commercially available CV-cathepsin B detection kit (Enzo life technology) according to the protocol described by the manufacturer. HSCs in chamber slides were immediately analyzed and photographed using a fluorescence microscope (Fluoview FV1000, Olympus, Japan).

Cathepsin B activity assay {#s4_12}
--------------------------

After SEA treatment for 24 h, cells were washed twice with PBS, scraped in lysis buffer to extract proteins, and measured cathepsin B activity in HSCs by using a commercially available cathepsin B activity fluorometric assay kit (Biovision) according to the protocol described by the manufacturer.

Statistical analysis {#s4_13}
--------------------

Data are presented as means ± SEM. The student\'s test was used to evaluate the differences between two groups. One-way or two-way ANOVA was used based on the data to detect significant differences among multiple groups of data. *P* \< 0.05 was considered statistically significant. All statistical analyses were performed using SigmaStat 11.0.
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